Magnetic circular dichroism (MCD) spectra taken at the M 2,3 absorption edge of thin Fe films exhibit pronounced thickness-dependent variations in the MCD signal and line shape which are related to birefringence effects in the ferromagnetic film. Model calculations based on the MaxwellFresnel formalism are used to calculate the different interference effects occurring for left and right circularly polarized light reflected from the vacuum/film/substrate interfaces. The M 2,3 MCD experiments confirm the magnitude and thickness dependent periodicity predicted by the macroscopic theory. The data clearly demonstrate the importance of the interference effects which are very pronounced for film thicknesses up to several units of the excitation wavelength λ. While at the Fe M 2,3 transition the thickness corresponding to the wavelength unit is about 220 Å, the same effects are to be expected in the Fe L 2,3 spectra for considerably thinner films since the wavelength is only λ ~ 17 Å. The observed interference effects are of general character and caution should be employed in attempts to relate changes in the L 2,3 MCD spectra of several-monolayer thin films solely to the formation or reorientation of magnetic moments and to their decomposition into spin and orbital components. Because the theory employed here considers the total power dissipated in the reflection/absorption process rather than amplitudes of reflected waves, interference effects are not restricted to reflection MCD measurements but should also be present in a slightly modified form in the more commonly used total electron yield type absorption MCD experiment. 
Introduction
X-ray magnetic circular dichroism is a relatively new magneto-optical experimental technique [1] [2] [3] designed to probe the local magnetic structure of ferromagnetically ordered materials using circularly polarized x-rays. As scientists seek to tailor magnetic properties at the atomic level by growing thin film multilayer structures and compound ferromagnetic materials, they are increasingly turning to magnetic circular dichroism (MCD) to characterize these samples. 4 Dichroism spectra from absorption edges, most often the L 2,3 and M 2,3 edges, give MCD the chemical specificity that is necessary to evaluate the new complex multicomponent materials.
Among the properties probed by this technique are the magnitude and orientation of magnetic moments, 5 their degree of localization or itineracy, 2, 6 and differences between surface and bulk magnetizations. 7 A number of advances in theoretical approach [8] [9] [10] have increased the utility of the sum rules that relate features of experimental MCD spectra to microscopic magnetic properties of the magnetic moment although some controversy still exists over their implementation. 3, [11] [12] [13] [14] While MCD theories quickly advanced to incorporate many electron effects surprisingly little attention was paid to the optical part of the process; e.g., partial phase shifts at material interfaces and different polarization dependencies of the refracted light wave in ferromagnetic films. In addition to the well-known dependence of MCD on the relative orientation between the helicity of the incident light and the magnetization vector M, calculations made using a classical, dielectric model of thin-film interference show that film thickness plays an important role in the measured MCD signal. Using the relatively simple Maxwell-Fresnel approach we show that interference effects which arise from different contributions for left-and right-circularly polarized light reflected from the vacuum-film and the film-substrate interfaces (see Fig. 1 ) result in thickness-dependent modulation of MCD spectra. These processes contribute to the experimental signal and, if ignored, cause difficulties in extracting meaningful material properties from MCD spectra.
We have used reflection MCD to specifically study these effects. To decouple the issues of varying magnetic properties at interfaces and films of several monolayer thickness from the optical contributions such as differences in the interference effects of left-and right-circularly polarized radiation, we chose to study the M 2,3 edge of Fe rather than the better understood L 2,3 transition.
The reasoning for this decision is straightforward. Since the thickness dependence of the interference effects scale with the excitation wavelength, the effects at the Fe M 2,3 transition at ~54 eV occur at approximately 13 times the thickness compared to the same experiment studied at the L 2,3 transition at ~720 eV. This increase in wavelength allows us to study the effects of interest in considerably thicker films (hundreds of Å) where the magnetic properties have reached bulk-like behavior which is in contrast to pursuing the same experiment at the L 2,3 edge where unknown material and interface properties at the monolayer regime (tens of Å) can influence the results.
It must be noted, however, that the film thickness and angle dependent interference effects are not restricted to spectra collected in the reflected light mode -the theoretical calculations utilize a total power calculation that implies MCD spectra obtained from absorbed light will also exhibit thickness dependent interference effects. We present here an outline of the theoretical model and our experimental confirmation of the predicted interference effects in the MCD spectrum of ferromagnetically ordered films Experimental MCD spectra were collected at the University of Wisconsin's Synchrotron Radiation Center using monochromatic, circularly polarized x-rays supplied by a quadruple reflection polarizer (QRP) 15 attached to the exit mirror box of the Amoco 6m toroidal grating monochromator. 16 The QRP converts the linearly polarized light passed by the beam line optics to circularly polarized light by inducing phase shifts between s-and p-polarized components of the light. Verification of the proper operation of the QRP and its utility in MCD measurements can be found elsewhere. 17, 18 Thin Fe films were grown under ultra-high vacuum conditions and at room temperature on Si(100) substrates using an electron beam evaporator, and film thickness was monitored with a quartz microbalance. To prevent reaction and interdiffusion between the Fe films and the Si substrates, a 200 Å layer of Cu was first deposited. The Cu-Fe interface is known to be more abrupt than the Fe-Si interface, [19] [20] [21] and we noted a marked increase in signal quality over films grown on bare Si(100) substrates. Even though the Fe films were grown by MBE techniques on a single crystal substrate, it is not assumed that this would lead to an ordered overlayer growth of Fe of several hundred Å thickness. The issue of interest here is to grow a reasonably smooth film on a non-reactive substrate rather than an epitaxial overlayer. The Fe films were permanently magnetized in the plane of the sample by rare earth magnets integrated into the sample holder that produce a magnetic field at the sample surface of ≈3 kG. MCD spectra were taken in the longitudinal geometry where the magnetization M is parallel to the reflecting surface and parallel to the plane of incidence defined by the incident light ray and the surface normal as shown in Fig. 1 .
The sample and detector assemblies can be rotated so that angles of incidence range from i = 15° to 80° with respect to the sample normal.
MCD measurements at the M 2,3 edge of Fe were made in situ using a Si diode to measure consecutive reflected intensities for right-(RCP) and left-circularly polarized (LCP) light. Reflected intensities for LCP and RCP light differ near core absorption edges due to polarization-dependent transition probabilities. 22 It is convenient to quantify the MCD effect by normalizing the differences in intensities to the average reflected intensity.
where I L and I R are the reflected intensities of LCP and RCP light. The monochromator was stepped incrementally through a photon energy range about the Fe absorption edge and the QRP was positioned at angles ±α with respect to the horizontal plane of the incoming linearly polarized light beam to supply LCP and RCP photons sequentially at each photon energy. The QRP was operated in a mode where the degree of circular polarization in the transmitted light was maximized. Over the photon energy range of interest we kept P circ ~ 0.98. Since the time interval between the intensity measurement for each helicity is only a few seconds, normalization to the instantaneous stored beam current appeared to be unnecessary. When calculated in this manner, the MCD effect is independent of experimental conditions that change with time such as the absolute photon flux.
Results & Discussion
In previous work, MCD spectra taken in the longitudinal geometry from macroscopically thick films at varying angles of incidence have been used to extract the frequency-dependent, complex dielectric tensor elements for Fe. 18 Once determined, the dielectric tensor, which governs the response of the material to incident electromagnetic radiation, can then be used to predict spectral line shapes and amplitudes for different experimental geometries. 23 In addition, as we present here, the dielectric tensor can be incorporated into a thin-film interference model to predict thickness dependent alterations of in the MCD spectra of thin films. These analyses rely on a macroscopic approach based on the Maxwell-Fresnel formalism which relates the dielectric properties to measurable quantities such as the absorbed or reflected light intensity. Relative to a microscopic model calculation our approach does not directly allow easy access to material quantities such as the magnetic moment and its spin <S z > and orbital <L z > components. Despite this, the macroscopic model offers valuable insight into the angular and thickness dependent nature of MCD spectra which are not possible with the more elaborate microscopic theories.
Briefly, the macroscopic algorithm involves first calculating the reflection amplitudes for a vacuum-film interface for LCP and RCP light. Left-and right-circularly polarized light can be decomposed into s-and p-polarized components allowing the use of the familiar Fresnel reflection coefficients in calculating the reflection amplitudes. The s-and p-components are generated from the incident circularly polarized light using the change in basis
where E o is the amplitude of the circularly polarized light. The reflection amplitudes perpendicular and parallel to the plane of incidence are then found from
where the Fresnel reflection coefficients r ij = F ij ( i , n*) depend on the angle of incidence i and the complex index of refraction n* = n + ik. Here, the extinction coefficient k and index of refraction n are known from previous work 24 and are not treated as free parameters in the data reduction.
In this scheme, the reflected intensities for LCP and RCP light in terms of the Fresnel coefficients are
For the longitudinal case r 12 = -r 21 and, assuming P circ = 1, the reflection coefficients can be written as
where the angle of refraction t is given by Snell's Law n* = sin i /sin t . Here the ε ij are the frequency-dependent complex elements of the dielectric tensor that governs the propagation of electromagnetic radiation in the medium. For a ferromagnetic material magnetized in the z-direction the dielectric tensor can be written 1
The diagonal elements ε xx and ε zz account for the normal isotropic response of the medium to electromagnetic radiation. The non-zero off-diagonal elements, introduced by the magnetic nature of the medium, can be written as ε xy = ε 1 xy + iε 2 xy and their frequency dependence can be found by a least squares fit of the complete angular-dependent experimental MCD data set to the reflection equations, Eqns. 4-7. Previous experimental work has accomplished this for macroscopically thick Fe films. 18 No account of the thin-film interference effects, as outlined below, need be taken in the thick-film case because absorption within the film prevents interference between differently propagating rays of light.
The experimentally determined frequency-dependent dielectric tensor can then be used to predict the dependence of the longitudinal MCD effect as a function of film thickness in a classic thin-film interference model. Figure 1 shows a schematic of the interference process that occurs between light reflected from the vacuum-film interface and light reflected from the film-substrate interface (and additional multiple reflections). The substrate, which is non-magnetic, enters the calculation simply via its complex index of refraction which determines the fraction of incident flux reflected at the film-substrate interface. The presence of the substrate does not influence the essential results reported here -similar effects would be noted for a free-standing film with vacuum interfaces at both surfaces. Note that due to the presence of the additional film-substrate interface, four different electromagnetic fields appear in the film -two propagating down into the substrate and two upward through the film. These four fields must satisfy the boundary conditions (the continous variation of the tangential components of the electric and magnetic fields) at both interfaces. To consider the total power involved in the process one must take into account the incident, reflected, and transmitted fields. This leads to a set of eight complex equations that need to be solved simultaniously in order to compute the thickness dependent reflectance R or the absorbence A for both s-and p-polarization directions. Details of these calculations can be found in Ref. 25 .
For a non-magnetic film, the path differences between the multiple rays reflected towards the detector causes interference that would result in oscillatory intensity measurements as a function of film thickness. Most importantly, these variations in reflected light intensity would be identical for LCP and RCP light, and no change in MCD signal strength would be observed because the changes in LCP and RCP intensity would be in phase and of the same amplitude. However, the ferromagnetic Fe film is birefringent and therefore induces path differences for the multiple reflected rays that are different for light of opposite helicities. As a result, the classic thin-film interference phase difference is both thickness-and polarization-dependent. Therefore, because of the relationship expressed in Eqn. 1, a modulation of the MCD effect is expected as the ferromagnetic film is grown. Of course, the MCD spectra also depend on the angle of incidence which determines the path difference between the rays. It is essential to note, however, that for a fixed angle of incidence the model predicts changes in the MCD spectra without requiring a change in the magnetic properties of the film.
Interestingly, because of the frequency dependence of the dielectric tensor ε(ω), the characteristics of the modulated MCD effect depend on the photon energy. By calculating a complete family of curves such as those in Fig. 2 over a photon energy range of 45 -63 eV we can generate theoretical MCD spectra at the M 2,3 edge for different film thicknesses. This is accomplished by inverting the specific-photon-energy versus film thickness matrix into a specific-thickness versus photon energy matrix. This procedure is equivalent to drawing a vertical line in Fig. 2 for the desired film thickness and recording the MCD effect at each photon energy, thereby generating a standard MCD spectrum. Several such theoretical MCD spectra for i = 45° are shown in Fig. 3 where the film thickness is again reported as the Some of the changes occur over very short thickness ranges; for example, a sharp leading edge feature appears and subsides near t = 0.85 and again at t = 1.55. A broad cycle of changes is observed to repeat as the path difference between rays reaches integral wavelengthsapproximately every 225 Å for absorption at the M 2,3 edge of Fe. The primary periodic property is the change from a mostly negative-line shape (at t ≈ 0.085 and again at t ≈ 1.30) to a more typical classic MCD line shape with both positive and negative peaks (at t ≈ 1.00 and again at t ≈ 2.00).
As expected, the line shape reaches a steady state for thicker films (t = 3.10) where the differences in the LCP and RCP interference effects are negligible. Line shape changes such as the ones calculated and shown in Fig.3 are not expected from a simple MCD theory, and if they are experimentally verified it would necessitate a significant modification in the standard implementation of MCD experiments aimed towards investigations of the thickness dependent magnetic properties of ultra thin films.
The general features and trends present in the theoretical curves of Fig. 3 are reproduced in experimental MCD spectra as shown in Fig. 4 which displays several theoretical MCD spectra along with their experimentally measured counterparts. In general, the agreement between predicted and measured MCD curves is good. Distinctive features such as the sharp maximum and doubled negative structure for t = 0.810 are reasonably reproduced in the experiment. In addition to line shape similarities, agreement between the theoretical and measured MCD effect magnitudes is also close. A factor of 0.85 was necessary to normalize the curves. This value is constant as a function of film thickness, indicating that a consistent source of error is present. Currently, we believe that this is not an artifact of the calculations but rather related to the different surface properties of the Fe films of this investigation and the bulk like films grown earlier for the analysis of the dielectric tensor properties. 18 Again, the emphasis here is on the variability in the predicted and measured MCD spectra.
A striking progression of changes in line shape occurs as the film thickness increases which are not predicted by the basic MCD theory. Because they can be accounted for by the macroscopic theory that we have applied, we conclude that the variations in line shape are due to the geometric factors considered in the interference analysis -namely, film thickness and angle of incidence -rather than changes in the magnetic properties of the films.
As mentioned previously, the MCD spectrum from a ferromagnetic material can be related to the local magnetic environment through appropriate sum rules. Two of the characteristics of MCD spectra that can be considered in such an analysis are the peak-to-peak MCD difference of the spectrum and the integrated absolute area under the MCD energy spectrum. By virtue of the modulations in MCD effect at a particular photon energy noted in Fig. 2 , these important measures will also show variations with film thickness. 
Figure 3
Theoretical MCD spectra at different normalized thicknesses for Fe films supported by a Cu substrate. Families of thickness dependent MCD effect curves such as those in Figure 2 are "inverted" to yield energy dependent line shapes at particular thicknesses. Significant variations in spectral line shape occur as the film thickness increases.
Figure 4
Comparison between measured and predicted MCD spectra for Fe at normalized thicknesses of t = 0.085, 0.810 and 1.710. The MCD spectra were measured using the reflected light mode at an angle of incidence of 45°. General spectral features, which show significant thickness dependence, are reproduced in the experimental 15 curves, confirming the utility of the macroscopic model calculation.
Figure 5
Theoretical and measured integrated MCD effects for thin Fe films in the longitudinal geometry at 45° incidence. Variations in the thickness dependent MCD effect are accounted for by the macroscopic theory described in the text which demonstrates that they arise from thin-film interference effects rather than from varying magnetic moments. 
